The physiological basis for the interaction of selective attention and arousal is not clearly understood. Here we present evidence in humans that specifically implicates the thalamus in this interaction. We used functional magnetic resonance imaging to measure brain activity during the performance of an attentional task under different levels of arousal. Activity evoked in the ventrolateral thalamus by the attentional task changed as a function of arousal. The highest level of attention-related thalamic activity is seen under conditions of low arousal (secondary to sleep deprivation) compared with high arousal (secondary to caffeine administration). Other brain regions were also active during the attentional task, but these areas did not change their activity as a function of arousal. Control experiments establish that this pattern of changes in thalamic activity cannot be accounted for by nonspecific effects of arousal on cerebral hemodynamics. We conclude that the thalamus is involved in mediating the interaction of attention and arousal in humans.
The relationship between arousal and attention is closely related to the f unctions of consciousness (Posner, 1994; Harth, 1995) . Consciousness is affected by circadian changes of arousal (Tassi et al., 1993) and by the selective influence of attention, which restricts awareness to specific stimuli. Parasuraman (Parasuraman and Davies, 1984) distinguishes sustained from selective attention; the first is defined as maintaining attention to a single source of information for an unbroken period of time, whereas the second is defined as attending to one source of information and excluding the others. Both sustained and selective attention are affected by the level of arousal (Das et al., 1994) .
The link between attention and arousal is related to their mutual dependency and complementary behavioral expression (Lynn, 1966) . A correlation between performance of attentional tasks and level of arousal has been reported (Babkoff et al., 1991) . However, arousal and attention are related in a nonlinear manner: attentional performance improves with a moderate increase of arousal but drops dramatically when a state of high excitement is reached (Easterbrook, 1959) . On the other hand, sustained attention reduces arousal and induces drowsiness (Babkoff et al., 1991) .
Arousal and attention rely on distinct anatomical systems (Luria, 1973) : the system for arousal is mainly subcortical, and the one for attention is mainly cortical. However, the two systems share an important anatomical substrate represented by the thalamus. The relay and reticular neurons of the thalamus exhibit, in animals, a profound change in discharge activity when the brain passes from waking (sustained tonic firing) to sleep onset (bursting mode) (McCormick and Feeser, 1990; Steriade et al., 1993) . The relay cells, which receive multi-modal sensory signals, may enhance processing in the cortical areas to which they project (Crick, 1984) ; in other words, they may modulate the cortical expression of attention (La Berge and Brown, 1989; La Berge et al., 1992; Olshausen et al., 1993; Newman, 1995; Frith and Friston, 1996) . It has been suggested recently that in humans the pulvinar and the mediodorsal nuclei of the thalamus represent the targets of a prefrontal top-down (voluntary) modulation of attention (La Berge and Buchsbaum, 1990; La Berge, 1995) .
In view of the above considerations, we hypothesize that the degree of thalamic activation [as measured by blood oxygenation level dependent (BOLD) magnetic resonance imaging (MRI)] during an attentional task will differ between conditions of low and high arousal.
A recent study by Coull et al. (1997) has shown evidence in humans consistent with the idea that the thalamus is involved in the interaction between arousal and cognitive performance. They showed that clonidine decreases arousal, impairs cognitive performance (Coull et al., 1995) , and decreases the regional cerebral blood flow (CBF) in the thalamus; however, this decrease is reversed during the performance of a cognitive task (Coull et al., 1997) .
In this study we sought to clarify the functional relationship between arousal and attention by analyzing attention-related brain activation during different levels of arousal. In particular we attempted to clarify the role of the thalamus in the interaction between arousal and attention.
MATERIALS AND METHODS Subjects
In total eight right-handed, drug-free, healthy subjects (four males and four females), aged 25-38 years, with no history of psychiatric or neurological disorders, were selected for the experiment. Subjects were asked to report about their sleep -wake cycle habits and their daily caffeine intake. We excluded subjects who abused alcohol, had sleep problems (either insomnia or hypersomnia), did not drink coffee at all, or drank four or more cups of coffee (or equivalent caffeinated beverages) per day. Subjects were also required to abstain from caffeine-containing beverages for 48 hr before starting the first experimental session and for the duration of the study. All volunteers gave written, informed consent, and the study was approved by the hospital ethics committee.
Subjects were in two groups: "experimental subjects" (six) and "control subjects" (two).
E xperimental design: sessions
The experimental subjects were scanned on 3 consecutive d, with each day/session associated with a different state of arousal. The control subjects were also scanned on 3 consecutive d but under conditions of normal arousal only. Modulation of the state of arousal in the e xperimental subjects. Arousal was modulated using caffeine and sleep deprivation. On day 1 subjects were scanned in a state of normal arousal, defined as being awake after a normal night of sleep. On day 2 a state of high arousal was induced by administration of caffeine as described in previous studies (Zw yghuizenDoorenbos et al., 1990; Rosenthal et al., 1991b) . Because caffeine may cause unwanted cardiovascular and diuretic effects and may also decrease whole brain CBF (C ameron et al., 1990) , we used a dose (5 mg / kg, p.o.) shown to be effective in increasing the level of arousal without producing significant side effects (Bruce et al., 1986) . Peak plasma concentrations are reached in 60 min and remain constant up to 150 min (Bruce et al., 1986) , so f unctional magnetic resonance imaging (fMRI) scans were acquired within this time window.
On day 3 subjects were scanned in a state of low arousal induced by sleep deprivation. This experimental manipulation is based on the demonstration that total sleep loss causes a significant decrease of arousal (Babkoff et al., 1991) . However, because sleep deprivation may increase stress, affect biological circadian rhythms (Wilkinson, 1965) , and produce a reorganization of regional cerebral metabolic activity (Wu et al., 1991) , we used a very "gentle" protocol to lessen discomfort for the subjects and minimize possible side effects (Brendel et al., 1990) . Subjects were sleep-deprived under continuous supervision for a short period (24 hr) in a quiet environment and in conditions of moderate light to avoid the resetting of the circadian pacemaker (K lerman et al., 1996) .
The order of the scanning sessions was constant for all experimental subjects (normal arousal on day 1, high arousal on day 2, and low arousal on day 3). Because the effects of sleep deprivation last for several days (Rosenthal et al., 1991a) , it was not appropriate to sleep-deprive a subject on day 1 or 2 and then move to another experimental manipulation on day 2 or 3. We considered using a counterbalanced design with sessions separated by several days, but decided that the advantages gained by counterbalancing of order would be lost by the likely changes in the subjects' state and the difficulty of achieving compliance with the requirement to abstain from caffeine-containing beverages across such a long period. Instead we examined the possibility of systematic changes over time by using a small number of control subjects (see Control experiments for nonspecific effects).
Assessment of arousal. Subjective ratings of arousal were measured over the 3 d to verify the achievement of the desired state. Before and after each scanning session subjects were asked to evaluate their state using a modified version of the Stanford Sleepiness Scale Assessment (Babkoff et al., 1991) and to express it as alert (1 point), awake (2 points), drowsy (3 points), or almost asleep (4 points). The sum of these two evaluations was used to rate the state as "normal arousal" (score between 4 and 5), "high arousal" (between 2 and 3), and "low arousal" (between 6 and 8).
E xperimental design: conditions
In each scanning session f unctional images were acquired in ϳ22 min during 10 repetitions of the following four conditions: passive viewing of a reversing black and white checkerboard ("checkerboard"), fixation of a blank screen ("blank screen"), attention and response to a visual stimulus ("attentional task"), and passive viewing of a visual stimulus ("passive viewing") ( Fig. 1a-d) . The order of the four conditions was kept constant in all subjects. By repeating the four conditions in a fixed order we insured maximum change per condition across time. This variation is optimum for detecting differences in BOLD signal, minimizes differences between subjects, and also reduces the likelihood of changes in level of arousal within-session as might occur with long periods of "passive viewing" (which would tend to reduce arousal) or long periods of attentional performance (which would tend to affect performance results). It is known, for example, that the effects of sleep deprivation on cognitive performance depend on the duration of the task (Wilkinson, 1968) .
Attentional task . Subjects were trained to respond, while lying in the scanner, to a visual target (the number 7) that appeared for 600 msec at an interval varying between 600 and 2400 msec at one of four preset positions (Fig. 1c) . The four positions were marked with large flashing dots and were spatially organized to minimize eye movements (requiring foveal or parafoveal fixation). During the task several numeric distracters appeared randomly in place of the target. Subjects were asked to respond to the target and its location by pressing, with the fingers of their right hand, one of four buttons placed on a key pad and corresponding to the four positions on the screen. In the condition used as baseline for the attentional task (passive viewing), four flashing dots appeared on the screen, and one of them was randomly enlarged compared with the others (Fig. 1d) .
Performance of the attentional task was estimated in each subject in the three experimental sessions (normal, high, and low arousal in the experimental subjects and 3 d of normal arousal in the controls) in terms of mean reaction time (computed only for correct target identification) and total number of mistakes (false positive and false negative in target identification over 140 trials per session). A repeated-measures ANOVA was used to test differences among groups (group performance of the experimental subjects in normal, high, and low arousal).
The task had a short duration (32 sec per repetition) to allow the subjects to maintain a consistent level of performance during different levels of arousal. In fact the effects of sleep loss on cognitive performance is normally seen with longer and more demanding tasks (Heslegrave and Figure 1 . Schematic representation of the four conditions used in the experimental paradigm. a, The passive viewing of a reversing black and white checkerboard; b, fixation of a blank screen, representing the contrast condition for the checkerboard; c, the attentional condition in which subjects had to respond to a target ( 7 ) appearing randomly at one of four positions on the screen marked by flashing dots; d, the contrast condition for the attentional task in which only four flashing dots appeared on the screen, one of which enlarged randomly. Angus, 1985) . Matching performance across arousal states was important in this study to avoid confounding changes in evoked activity attributable to arousal or attention with those attributable to changes in performance.
Each fMRI session started approximately at the same time (between 9:00 and 10:30 A.M.) to minimize the effect of circadian cycle on cognitive performance (Babkoff et al., 1991) .
Control e xperiments for nonspecific effects
Because this study examines specifically the interaction between arousal and attention, it was necessary to control for (1) nonspecific hemodynamic effects secondary to changes in arousal (or caused by caffeine or sleep deprivation per se) and (2) nonspecific hemodynamic effects secondary to time (effects that may be produced by the noncounterbalanced order of the sessions, by day-to-day variability in BOLD signal, or by task habituation).
To identif y nonspecific hemodynamic effects attributable to changes in arousal, caffeine, or sleep deprivation, we used passive checkerboard stimulation. Such a visual stimulus evokes a highly reproducible pattern of activation unrelated to incidental cognitive processes. If changes in arousal across sessions produced nonspecific changes in cerebral hemodynamics, we expected to see changes in the activity evoked by such a stimulus. It is particularly important to account for hemodynamic effects caused by caffeine or sleep deprivation because sleep deprivation has been shown to decrease regional cerebral metabolic activity in the thalamus (Wu et al., 1991) and caffeine affects global CBF without modif ying regional CBF (C ameron, 1990) .
To control for time effects, two control subjects were scanned on 3 consecutive d in a state of normal arousal during the same four conditions used for the experimental subjects. There was no manipulation of arousal in control subjects, so we expected that any nonspecific time effects would be manifest as condition-specific changes in pattern of activity over time.
Image acquisition
In each subject, anatomical (T1 weighted) and f unctional images (T2*) were acquired with a 2 Tesla Magnetom V ISION MRI scanner (Siemens, Erlangen, Germany). Functional images consisted of contiguous multislice gradient-echo, echo-planar T2* weighted image volumes obtained with BOLD contrast using an axial slice orientation with an echo time of 40 msec. BOLD fMRI uses deoxyhemoglobin (which is more paramagnetic than oxyhemoglobin) as an endogenous contrast agent. Any modification of the brain state that creates an imbalance between oxygen uptake and blood flow in a given brain region will cause a change of deoxyhemoglobin level and related MRI signal in the vessels of that brain region (T urner, 1992) .
The volume acquired covered the whole brain (64 slices, voxel size 3 ϫ 3 ϫ 3 mm); the field of view was 192 mm. The effective repetition time between volumes was 6.4 sec.
Data anal ysis
Imaging data were analyzed as a series of single cases rather than as a group so that subtle effects would not be swamped by individual differences. Group analysis of imaging data depends on "normalization" of individual brain images into a standard space. Such normalization can never f ully take account of individual differences in f unctional anatomy and will be particularly problematic when the focus of interest is a small complex structure such as the thalamus (see below).
Processing of the data. The 200 f unctional volumes acquired in each subject (per session) were realigned, spatially normalized to the stereotactic space of Talairach and Tournoux (1988) , and smoothed (spatially filtered) using a 6 mm Gaussian kernel . To maximize the possibility of identif ying small anatomical regions, the structural image of each subject was co-registered to his/ her own f unctional images so that the areas of activation superimposed to the suitable anatomical structures.
Global changes in BOLD signal were removed by proportional scaling (Holmes et al., 1997) , and values were mean-adjusted. After the appropriate experimental design matrix was specified, the covariates of interest (condition-specific effects) were estimated according to the General Linear Model at each and every voxel (Friston et al., 1995) , and lowfrequency fluctuations were modeled as covariates of noninterest. The best square-fit of the adjusted data to the modeled experimental conditions represents the parameter estimates (Buechel and Friston, 1997) .
To test the hypothesis about regional condition-specific effects, the estimates were compared using linear contrast.
Statistical inference. Significant hemodynamic changes for each contrast were assessed using t statistics on a voxel-by-voxel basis (on ϳ200,000 voxels per brain volume). The set of t values thus obtained constituted a statistical parametric map (SPM) (t) (Friston et al., 1995) . This map was transformed into SPM ( Z). Resultant areas of activation were characterized in terms of their peak heights. We report activations above a threshold corresponding to p Ͻ 0.001 uncorrected for multiple comparisons (Z Ͼ 3.09) for the area defined in our hypothesis (the thalamus). Outside this area we made a correction for multiple comparisons across the whole brain volume examined and report only areas of activity above a threshold corresponding to p Ͻ 0.05 corrected (Z Ͼ 4.5). This correction is achieved with standard procedures that correct for the multiplicity of voxels and the spatial correlation among them on the basis of the theory of the random Gaussian fields (Friston et al., 1994) .
Functional contrasts relevant to the e xperimental design. To measure hemodynamic changes in the brain it is necessary to match pairs of activation / baseline conditions. The activation task engages the cognitive component of interest, whereas the baseline condition does not engage that component. In this way the neural correlates of the cognitive component of interest are revealed by subtracting the activity during the baseline condition from that of the activation condition. This simple type of analysis is referred as subtraction analysis (Price et al., 1997) .
In this study the pair attentional task /passive viewing was used to identif y attention-dependent hemodynamic effects, whereas the pair checkerboard / blank screen was used as a control experiment to characterize attention-independent hemodynamic effects.
To identif y, in each subject, the changes in brain activation related to attention, to arousal, and in particular to the interaction between arousal and attention, we used conjunction and interaction analyses in addition to the subtraction analysis. These two types of analyses represent an extension of the simple subtraction analysis. Conjunction analyses reveal the common activation differences between two or more pairs of conditions (e.g., the pair attentional task /passive viewing during low arousal and the same pair during high arousal), whereas interaction analyses identif y the neural activity that is specific to one or other condition pair (for an extensive review of these types of analysis, see Price et al., 1997) . The experimental design in this study included three sessions representing a different (experimental subjects) or the same (control subjects) level of arousal and four conditions; therefore, two variables have to be tested (session and condition-related brain activation). This constitutes a factorial design. Interaction analyses allow us to measure explicitly the effect that one variable (session ϭ e.g., low arousal) has on the expression of the other variable (condition ϭ e.g., attention).
We present here three types of contrasts used in this study to identif y the brain activations relevant to the experimental design: (1) conditionspecific effects within sessions (simple subtraction analysis); (2) condition-specific effects between sessions (conjunction and interaction analysis); (3) nonspecific hemodynamic changes between sessions (conjunction and interaction analysis). Condition-specific effects within sessions included attention-dependent effects ("attentional task" versus its baseline "passive viewing" in low, high, and normal arousal); attentionindependent effects ("checkerboard" stimulation versus "blank screen" in normal, high, and low arousal). Condition-specific effects between sessions included effects of attention on the level of arousal ("attentional task" versus "passive viewing" in normal compared with high or low arousal); effects of visual stimulation dependent on the level of arousal or caffeine or sleep deprivation ("checkerboard" stimulation versus "blank screen" in normal, compared with high or low arousal). Nonspecific hemodynamic changes between sessions (normal arousal only) were assessed in the two control subjects to identif y possible hemodynamic changes attributable to any time confound ("attentional task" versus "passive viewing" and "checkerboard" stimulation versus "blank screen" in day 1, compared with day 2 and day 3).
RESULTS

Arousal assessment
The subjective evaluation of the state of arousal [Stanford Sleepiness Scale Assessment (Babkoff et al., 1991) ] showed that all subjects and controls gave an estimate consistent with the experimental manipulation (mean group Ϯ SD was 4.4 Ϯ 0.54 in normal arousal, 2.6 Ϯ 0.89 in high arousal, 6.6 Ϯ 0.89 in low arousal).
Attentional performance
Attentional performance was measured as mean reaction time and total number of mistakes in target identification over 140 trials. In the experimental subjects the group mean reaction time milliseconds Ϯ SEM was 444.90 Ϯ 15.22 in normal arousal, 445.48 Ϯ 23.22 in high arousal, and 456.98 Ϯ 14.23 in low arousal. The group mean number of mistakes (including false negatives and false positives) was 27.6 Ϯ 9.04 in normal arousal, 25.6 Ϯ 8.05 in high arousal, and 37 Ϯ 11.3 in low arousal. A repeatedmeasures ANOVA showed that there were no significant differences between the three sessions ( p Ͼ 0.1) .
In the two control subjects the attentional task was always performed in a state of normal arousal with highly consistent results (data not shown). Figure 2 . Activation in the left and right thalamic regions (centered in the inset) in each subject in the contrast attentional task versus passive viewing in normal, high, and low arousal. Note the greater activation when the test is performed in a state of low arousal. In each subject the areas of activation are superimposed on the correspondent structural images (which are co-registered to the functional ones). This procedure permits greater sensitivity in identifying anatomical structures because there is no need to account for variations in normal anatomy between subjects. The apparent activations in two subjects in the ventricles are probably artifactual. The Z-value represents the degree of significance of the activations (see Materials and Methods). Talairach coordinates (x , y, z) and maxima (Z-score) relative to the commonalities in brain activation (conjunction analysis) in the contrast "attentional task" versus "passive viewing" in normal, high, and low arousal (for the experimental subjects) and in three sessions of normal arousal (for the control subjects). sP, Superior parietal gyrus; iP, intraparietal sulcus/postcentral gyrus; pF, prefrontal cortex; pM, premotor cortex; aC, anterior cingulate; O, occipital cortex; Ce, cerebellum.
Imaging data
In one experimental subject imaging data were not analyzed because of failure of the realignment procedure (the subject produced head movements in excess of 20 mm). Consequently data are presented for five experimental subjects only and for two control subjects.
Results are reported for significant effects occurring in at least four out of five subjects or in both the controls (unless otherwise specified).
Attentional task versus passive viewing in normal, high, and low arousal
In all five subjects the performance of the attention-demanding task during a state of low arousal produced a greater activation of the ventrolateral part of the thalamus (unilateral in subject 5) compared with the activation in normal or high arousal (withinsession subtraction analyses) (Fig. 2 ). This change of activity was highly specific for the thalamus. Other cortical areas, also active during the attention task, did not show consistent changes in activity during low or high arousal across subjects (see interaction between attention and arousal). The common areas of brain activation produced by the attentional task across the three sessions are summarized in Table 1 for each subject (betweensessions conjunction analyses). Parietal activation was observed in two areas: the intraparietal sulcus and the superior parietal gyrus [Brodmann area (BA) 7, 40]. Prefrontal activation was localized mainly to the most anterior part of the middle frontal gyrus (BA 46); premotor activation included the superior precentral sulcus and the most anterior part of the precentral gyrus (BA 6). The anterior part of the cingulate sulcus and gyrus (BA 32), part of the middle occipital gyrus and (in two subjects) of the f usiform gyrus (BA 17, 18) , and a small area of the cerebellum were also activated in all subjects. Figure 3 illustrates these areas of activation in one subject.
Check erboard versus blank screen in normal, high, and low arousal
The contrast checkerboard versus blank screen produced in each subject significant activation of the striate (primary visual cortex V1) and prestriate occipital cortex (V2, V3), often more evident in the lingual gyrus. In two subjects the extrastriate cortical area that selectively responds to motion (V5) was also activated (within-session subtraction analyses). This pattern of activation was highly consistent across the 3 d in normal, high, and low arousal. Table 2 shows the highly significant Z-score (Z Ͼ 12) related to the common activation across the three sessions (normal, high, and low arousal) (between-sessions conjunction analyses).
Interaction between attention and arousal
The hemodynamic changes in the contrast attentional task versus passive viewing during low arousal as compared with high or normal arousal confirmed the higher activation of the ventrolateral part of the thalamus (between-sessions interaction analyses) ( Table 3 , Fig. 4 ). This activation was significant in four subjects when comparing low versus high arousal and in three subjects when comparing low versus normal arousal. This suggests that the thalamus is least activated when attentional performance is required in a state of high arousal (between-sessions interaction analyses; data not shown). The cortical areas also active during the attentional task did not show consistent changes in activity across subjects when comparing low with normal or high arousal (between-sessions interaction analyses; data not shown).
Interaction between nonattention demanding task (check er board stimulation) and arousal
In the contrast checkerboard versus blank screen there were no consistent changes in brain activity across subjects as a function of arousal (between-sessions interaction analyses; data not shown).
Single voxel analysis in the thalamus: a group anal ysis
The impression given by the series of single-subject analyses was confirmed by performing a group analysis on a single voxel region of interest in the thalamus. Figure 5 shows the changes of the parameter estimates in this thalamic voxel (coordinates x ϭ Ϫ12, y ϭ Ϫ18, z ϭ 8) during attentional task and passive viewing (Fig.  5 , graph on the left) and checkerboard and blank screen ( graph on the right). This thalamic voxel was selected because it showed a significant attention-related change of activity in all single-subject analyses under low arousal. It is evident from the figure that the signal is high during the attentional task under any condition of arousal, whereas it is below or around mean values during checkerboard, blank screen, and passive viewing conditions. This suggests that this specific voxel does not respond to any visual stimulation unless attention is required. Furthermore, the attention-related signal reaches its highest levels under low arousal.
The attention-related activation in this voxel (quantified as the difference in mean parameter estimates values between attentional task and passive viewing) is higher under low arousal as compared with the high arousal condition (ANOVA between the three levels of arousal, p Ͻ 0.05, followed by post hoc one-tailed t test, p Ͻ 0.05).
Attentional task versus passive viewing in the controls (normal arousal)
In contrast to the change of thalamic activation produced in four of five subjects by the attentional task as a function of arousal, no significant change in thalamic activity was shown in the control subjects between any session [between-sessions interaction anal- Talairach coordinates (x , y, z) and maxima (Z-score) relative to the commonalities in brain activation (conjunction analysis) in the contrast "checkerboard" versus "blank screen" in normal, high, and low arousal (for the experimental subjects) and in three sessions of normal arousal (for the control subjects). Differential activation in the contrast "attentional task" versus "passive viewing" in low arousal versus high arousal (interaction analysis). Talairach coordinates (x, y, z) and maxima (Z-score) are expressed for each subject and coordinates only for group mean.
yses (Fig. 4) ]. The attentional task produced a consistent bilateral activation of the parietal, prefrontal, premotor, cingulate, and occipital cortices in analogy to the cortical activation seen in the five experimental subjects [between-sessions conjunction analyses (Table 1) ]. This did not change consistently over the three sessions of normal arousal (between-sessions interaction analyses; data not shown).
Check erboard versus blank screen in the controls (normal arousal)
The contrast checkerboard versus blank screen produced a significant activation of the striate and prestriate cortex in the two controls comparable to the activation shown in the five subjects [between-sessions conjunction analyses (Table 2) ]. This did not change consistently over the three sessions of normal arousal (between-sessions interaction analyses; data not shown).
DISCUSSION
This study used fMRI in humans to identif y the hemodynamic changes related to the performance of an attention-demanding task while changing the level of arousal. We examined the hypothesis that a change of f unctional activation would occur in the thalamus as an expression of the specific interaction between the attentional and arousal systems. The results suggest several points for discussion.
Arousal assessment and task performance
All subjects and controls gave a subjective evaluation of the state of arousal consistent with the experimental manipulation. This result validates the protocol used to modulate arousal. There was no significant change in attentional performance during different levels of arousal. This is not surprising because effects of sleep loss on cognitive performance have been reported only for longer and more demanding tasks (Wilkinson, 1968) , and caffeine (at the dose used in this study) does not affect attentional performance (Bruce et al., 1986 ). This finding is very important because it shows that greater activation of the thalamus during low arousal was not related to a change of task performance but was caused by the specific interaction between attention and arousal. We also considered the possibility that, within each subject, the change of performance may correlate with the degree of activation of the ventrolateral thalamus. Thus we compared the change of activation of each subject with the individual performance score; however, this comparison did not show consistent results (data not shown).
Consequently the modulation of thalamic activity may relate to the effort of maintaining attention during the task (Kahneman, 1973) . This possibility is consistent with the observation that the accomplishment of the task during low arousal was associated with a subjective feeling of "mental effort" (four of six subjects spontaneously reported a sense of fatigue and strong effort when performing the attentional task under low arousal condition).
Thalamic activation as an expression of the interaction between arousal and attention
The major finding of this study is that there was a greater change of activity (between attentional task and baseline condition) in the ventrolateral thalamus in a state of low arousal compared with the change of activity shown in a state of normal or high arousal. We suggest that the change of attention-related thalamic activation as a function of arousal directly reflects a different degree of interaction between the arousal and the attention systems under sleep deprivation.
The control experiments show that this greater change of thalamic activity cannot be accounted for by sleep deprivation or low arousal per se because it appears only when attention is required, and it cannot be related to nonspecific hemodynamic effects related to time because there was no significant change of thalamic activity in the control subjects across sessions (normal arousal only). Finally, the modulation of thalamic activation we observed cannot be related to changes in attentional performance because all subjects performed similarly during normal, high, and low arousal.
Physiological interpretation of the attention-related thalamic activation during low arousal
We speculate that several thalamic nuclei situated in the ventrolateral region are involved in the interaction between arousal and attention. The somatosensory relays, the ventrolateral nucleus (part of the motor thalamus), the centromedian nucleus (linked to the arousal system), the mediodorsal thalamic nucleus (considered the limbic relay for the prefrontal cortex), and the nucleus reticularis (which modulates the activity of the relay nuclei) are likely to be the target of top-down modulation of information flow, as suggested previously for other thalamic nuclei (La Berge, 1995; Frith and Friston, 1996) . In particular the nucleus reticularis appears to be the best candidate for the interaction between arousal and attention because it receives axonal collaterals from the corticothalamic, thalamocortical, and midbrain reticular formation projection systems (Crick, 1984; Newman, 1995; Guillery et al., 1998) [stereotactic thalamic anatomy: Mai et al. (1997) ; functional thalamic anatomy: Jones (1985) ; Kelly (1991) ].
This account suggests that the greater change in thalamic activity when subjects are performing the attentional task in a state of low arousal may reflect an enhancement of top-down modulation of multimodal inputs necessary to prevent the physiological shift of activity of the thalamocortical system toward incipient neuronal synchronization and the onset of sleep (Steriade et al., 1993) .
This process may represent a sort of compensatory mechanism, a "window of activation" operating in extreme physiological conditions in which the arousal and attentional systems interact to modif y the output of the thalamocortical system. We speculate that the thalamus has to "work harder" in conditions of low arousal to achieve a performance that is equal to that obtained during normal arousal.
We also consider that the systems involved in the visual processing and/or response selection required by the attentional task, but not by the passive viewing condition, may represent the targets of the attentional modulation exerted by the thalamus.
Finally, our findings support the role of the thalamus in the interplay between arousal and attention in humans as suggested previously by the study of Coull et al. (1997) .
Brain regions activated by attention but not affected by the level of arousal
The brain regions that were activated by the attentional task but not affected by the level of arousal include areas of the posterior and anterior attentional networks (Posner and Dehaene, 1994) . Previous positron emission tomography studies showed attentionrelated brain activation and left-right hemispheric functional asymmetry (Pardo et al., 1991; Bench et al., 1993; Jonides et al., 1993; Haxby et al., 1994; Petersen et al., 1994) .
In the present study the bilateral activation of the posterior and superior parietal cortices and prestriate cortex are likely to be related to the processing of spatial-visual inputs (Mishkin et al., 1983) . The activity in the anterior part of the cingulate sulcus and gyrus is consistent with the model of the "frontal midline atten- Figure 5 . Changes of the parameter estimates in a voxel localized in the thalamus (coordinates x ϭ Ϫ12, y ϭ Ϫ18, z ϭ 8) during attentional task and passive viewing ( graph on the lef t), checkerboard and blank screen ( graph on the right). Bars represent the group mean parameter estimates value Ϯ SEM (n ϭ 5) for each condition under high, normal, and low arousal. Values are scaled to the minimal signal level.
tional network" proposed by Goldman-Rakic and colleagues (Goldman-Rakic, 1988; Goldman-Rakic et al., 1993) . The activation of the most anterior part of the middle frontal gyrus corresponding to the dorsolateral prefrontal cortex (BA 46) has been reported previously for the performance of tasks requiring attention and working memory (La Berge, 1995) .
The persistent activation of these areas in the low arousal condition might be explained by increased thalamocortical activity maintaining a tonic level of neuronal excitation. This process may represent the higher "cost of attention" during low arousal that is subjectively experienced as mental effort. Such a compensatory mechanism might operate for a limited time only, explaining why a state of prolonged attention induces drowsiness (Babkoff et al., 1991) . It is likely that increasing the duration of the sleep deprivation and /or the difficulty of the task beyond the parameters specified in this study would produce a decrease of the thalamocortical activity and of the cortical areas involved in the attentional response followed by a decrease in performance.
Finally, the bilateral activation of the premotor area (superior precentral sulcus and the most anterior part of the precentral gyrus) and cerebellum may be related to the anticipation of the motor response to the target (Stephan et al., 1995; Deiber et al., 1996) . Attention-related activation of the cerebellum independent of motor involvement was reported recently (Allen et al., 1997) .
Control experiments
The activation produced by the checkerboard stimulation did not show consistent changes across sessions in the experimental subjects or in the control subjects. This strongly suggests that hemodynamic changes were neither a f unction of arousal (or related to the experimental manipulation sleep deprivation /caffeine) nor of time.
In addition, in the control subjects there was no change in thalamic activation when performing the attentional task in day 1, 2, or 3. This is consistent with our finding that greater thalamic activation occurs only when attention is applied in a state of lower arousal. The performance of the attentional task also produced a significant pattern of bilateral cortical activation that did not change consistently over the three sessions. This evidence further suggests the that there were no hemodynamic effects as a function of time.
Conclusions
The present data support the hypothesis that the thalamus represents the f unctional interface between the arousal and the attentional systems. The greater activation of the thalamic system when attention must be used during a state of low arousal may reflect a compensatory mechanism and may be related to the subjective experience of greater mental effort.
